Bordetela pertussis suppresses transcription of its virulence genes in response to specific environmental conditions, a response called modulation. The organism responds to high concentrations of SO4 and C104 ions, nicotinic acid, and nicotinic acid analogs in vitro; however, the in vivo modulator has not been identified. We investigated which chemical structures of the nicotinic acid molecule are important for modulation by testing various analogs for their ability to modulate. The ring nitrogen of nicotinic acid was not required, since benzoic acid was a modulator. In contrast, the carboxyl group was required, since derivatives like ethylnicotinate, 3-pyridylcarbinol, 3-acetyl pyridine, and 6-chloronicotinamide with altered carboxyl groups were not modulators. The planar ring structure or resonance in the ring was required for modulation, since nipecotic acid failed to modulate. The most potent modulators were nicotinic acid derivatives with electron-withdrawing substituents in the meta orpara position relative to the carboxyl group. Relative hydrophilicity of substituents did not appear to contribute to modulation. Although these modulators elicited a clear biological response, the mechanism of modulation remains unclear, because no binding of the modulator 3 So4 or [14C]4-chlorobenzoic acid to whole B. pertussis was detected. However, modulation appears to involve a charge-charge interaction, since the response was blocked by chlorine ions.
pertussis is not available. In other systems, the signal appears to be transmitted via a phosphorylation reaction in which the histidine protein kinase is autophosphorylated in response to a signal; the phosphoryl group is then transferred to the response regulator. The phosphorylated response regulator then effects a response, i.e., activation of transcription (27) . The BvgA and BvgS proteins are believed to function in a similar manner and are required to activate transcription from bvg-regulated loci in B. pertussis. A model for bvg activation based on our current knowledge is given in Fig. 1A .
In contrast to several other signal systems, however, B.
pertussis continually activates transcription from the bvgregulated loci (in vitro) and responds to known environmental conditions by suppressing the expression of the virulence factors at the transcriptional level (15) . This response is called modulation. A model for this inactivation is shown in Fig. 1B . Although possible in vivo signals responsible for suppression of virulence factor expression have yet to be identified, SO4 and C104 ions, nicotinic acid, 6-chloronicotinic acid, and other nicotinic acid analogs have been shown to be modulators under in vitro conditions (14, 15, 23) . Other pathogenic bacteria have been shown to alter the synthesis of their own virulence factors in response to signals such as 02, pH, or osmolarity (17, 27) . In rhizobium, oxygen sensing appears to require a heme protein, suggesting that the environmental stimulus is probably directly bound to the sensor (5) . However, the nature of the extracellular or periplasmic signaling mechanism for osmolarity and pH is unknown. It is difficult to imagine how a microorganism would sense such signals, since it probably cannot represent a classical receptor-ligand interaction. In this study we identified the chemical elements of the nicotinic acid molecule that are essential for modulation and addressed the question of whether B. pertussis senses these compounds through their influence on osmolarity, extracellular or cytoplasmic alterations of pH, membrane perturbation, a receptor-ligand interaction, or a charge-charge interaction. The data are most consistent with the last mechanism, and a model of the mechanism of modulation is proposed.
MATERIALS AND METHODS
Bacterial strains and media. B. pertussis Tohama and its derivatives, BP338 (Bvg+) and BP347 (Bvg-), and the TnS lac transcription fusion strains used in this study were described previously (15, 32) . The TnS lac fusion in BPM409 (Bvg+) and BPM410 (Bvg-) is regulated by the fhaB promoter (32) . The TnS lac fusion in BPM3171 (Bvg+) and BPM3172 (Bvg-) is regulated by the promoter for the pertussis toxin-linked (ptl) operon (32) . Ptl has been shown to be required for pertussis toxin secretion (12) . Other B. pertussis strains, not related to Tohama phase I, included 18-323 (18) ; 165 (24) ; 185 (E. Hewlett); 114 (18) ; and BP370, a Bvg+ phase variant of the Bvg-strain Tohama III (16) (31) . 1-Gal assays were cinclase performed as described previously (32) . Western analysis (31) was used to detect expression of filamentous hemagglutinin.
[14C]4-chlorobenzoic acid and "sSO4 studies. B. pertussis was grown to an optical density at 600 nm of 0.2 to 0. 4 (15, 32) . The expression of 13-Gal in these fusion strains (except the control strain) requires the expression of the bvg gene products, so modulation can be monitored by measuring 13 The carboxyl group of nicotinic acid is required for modulation,sinceethylnicotinate,3-pyridylcarbinol,3-acetylpyridine, 6-chloronicotinamide, and others (Table 1) were unable to modulate. In addition, 2-chloropyridine (Table 1) was unable to act as a modulator, indicating that the ability of 6-chloronicotinic acid to act as a modulator is dependent on the carboxyl group, not on the chlorine atom.
Permissive ring stnrctures. The ring nitrogen is not required for modulation, since 4-chlorobenzoic acid (Table 2) , which has the same structure as 6-chloronicotinic acid except that it has a carbon in place of the nitrogen in the ring, was a modulator, although it required 8-to 14-fold-higher concentrations. Benzoic acid (Table 2 ) was a modulator, except in strains Tohama and its derivatives, which do not respond to nicotinic acid (15) .
Resonance and/or ring structure. The ring structure, while not absolutely required, seemed to be important, since the most potent modulators (for example, 6-chloronicotinic acid and 4-nitrobenzoic acid; Table 2 ) did have a ring structure. To determine whether the ring structure must be unsaturated, we examined nipecotic acid (Table 1) for its ability to 6 Methyl nicotinic acid 6 Amino nicotinic acid To determine whether it is the planar structure or resonance of the ring that is important for modulation, we tested 5 mM fumaric acid [HOOC(CH)2COOH], whose structure is partially planar. This compound was not a modulator. To investigate whether the resonance of the ring is important, we examined 3-pyridylacetic acid (Table 1) for its ability to modulate. 3-Pyridylacetic acid was not a modulator, indicating that the carboxyl group must be adjacent to the ring. Further, this suggested that the ability of the carboxyl group to interact with the ring may be more important than the planar structure of the ring.
Relative electron-withdrawing capacity of ring substituents.
Relative electron-withdrawing capability is frequently assessed to correlate the biological activity of drugs with structure. 6-Chloronicotinic acid appeared to be the best modulator, because it was effective at the lowest concentration. A chlorine atom substituted onto benzoic acid has electron-withdrawing properties (6) . The relative electronwithdrawing capability of the substituent as compared with that of hydrogen can be quantitated and is given numerically as a sigma value, described by the Hammett equation (6, 11) . The sigma value is calculated based on the difference between the pK. values of the substituted benzoic acid derivative and benzoic acid. If the difference between the pK. values is positive, the substituent acts as an electron-withdrawing group; if it is negative, the substituent acts as an electron-donating group. In the case of benzoic acid, electron-withdrawing groups increase the amount of dissociation of the acid and electron-donating groups decrease it.
Although Hammett's equation was originally developed to make predictions for benzoic acid derivatives, it can also be used for pyridine derivatives (11). We examined pyridine or benzoic acid rings with ring substituents that had either electron-withdrawing or electron-donating properties. Nicotinic acid or benzoic acid derivatives (Table 2) containing electron-withdrawing groups in the meta or para positions relative to the carboxyl group were modulators (negative sigma values; Table 2 ). Some benzoic acid derivatives or nicotinic acid derivatives that had weak electron-donating groups in the para position were modulators but required high concentrations for suppression (positive sigma values; Table 2 ). 6-Aminonicotinic acid with the weak electrondonating group NH2 was a modulator (Table 2) , except for Tohama and its derivatives, BP338 and BP370. 4-Hydroxybenzoic acid (Table 2) , with the strong electron-donating group OH, was not a modulator. The relative potencies of the substituents can be ranked by effective concentration. For the nicotinic acid derivatives, the most potent substituents were Cl > Br, COOH > H, CH3, NH2. For the benzoic acid derivatives, the most potent substituents were NO2, Cl > COCH3, OCH3 (meta), H, CH3 > OCH3 (para). This rank order correlates well with the sigma values. All compounds with substituents located ortho to the carboxyl group were not modulators (Table 1) . These results suggest that there may be steric problems with having substituents in the ortho position. The Hammett equation does not make predictions for electronic effects by ortho substituents for similar reasons.
Relative hydrophilicity of ring substituents does not affect modulation. Another parameter besides relative electronwithdrawing capacity that is frequently correlated with biological activity is the relative hydrophilicity (Tr value) of substituents. Positive Tr values indicate that a substituent is less hydrophilic than hydrogen, whereas negative values indicate that it is more hydrophilic (7). Although the presence of the carboxyl group on the ring has an effect on the Tr value of the substituent, this effect should be similar for all compounds that have the same base structure (7) . The Tr values of the modulators (Table 2 ) vary widely from substituent to substituent and do not correlate with relative potency, suggesting that the relative hydrophilicity is not an important measure of the ability to modulate.
Other modulators with ring structures. Two modulators that do not strictly fit into previous categories were found. These include quinaldic acid, which is more potent as a modulator than nicotinic acid (23), and nicotinic acid N oxide. Quinaldic acid has a double ring structure with a carboxyl group located ortho to the ring nitrogen. Modulation by nicotinic acid N oxide was not caused by the oxygen bonded to the ring nitrogen, because pyridine N oxide, which lacks the carboxyl group, was not a modulator.
Attempts to define the in vivo modulator. The compounds known to be modulators are not thought to be present in human tissues at concentrations that would allow modulation to occur in vivo. With a fairly clear picture of the structural requirements for a modulating compound, we attempted to define the in vivo modulator, if indeed one exists.
Retinoic acid and some retinoids are not modulators. The ring modulators identified in this study resemble a class of compounds called retinoids. Many of the most potent retinoids identified to date have a benzoic acid ring at one end with various groups substituted in the para position (10, 22) . Four retinoids and retinoic acid were examined for their ability to act as modulators. Neither retinoic acid (100 ,uM) nor any of the retinoids R023-9872 (100 ,uM), R023-9871 (50 ,uM), R013-7410 (100 ,uM), and R041-4448 (100 ,uM) was able to act as a modulator. These compounds were tested at less than the millimolar levels used for the other compounds because of their limited solubility and toxicity to the bacteria. However, we believe that these concentrations exceed what could be obtained in vivo.
Tryptophane degradation products. Interferon induces the enzymatic degradation of tryptophane, generating a series of compounds that resemble the in vitro modulators (4, 19, 28) . Anthranilic acid (ortho substituent), xanthurenic acid, and picolinic acid did not act as modulators (Table 1) . Tryptophane depletion (3, 19) and generation of toxic metabolites (19, 28) are thought to inhibit intracellular bacterial, viral, or tumor growth (19, 28) . Picolinic acid is thought to limit growth by chelating divalent cations (2). Picolinic acid is highly toxic to B. pertussis and does not induce modulation at the low concentrations that support bacterial growth (Table 1) .
Molecular basis of modulation. With a clear picture emerging of the structural requirements for modulation, we attempted to determine the mechanism of action. The structural comparisons of the modulating compounds suggest that the carboxyl group is the active part of the molecule. However, in other bacterial systems, other chemical properties of benzoic acid, such as the ability to perturb the membrane (20) Membrane perturbants. In E. coli, phenethyl alcohol and procaine uncouple transcriptional regulation of the outer membrane proteins regulated by the homologous EnvZOmpR system from the normal regulatory signal, osmolarity (20) . Phenethyl alcohol, which resembles benzoic acid but lacks the carboxyl group, did not induce modulation (Table   1 and its Bvg-derivative, BPM3172 (_) without (-) or with (+) 15 mM MgSO4 in SSA (no sodium chloride) (A), 100 mM KCl (B), 100 mM sodium phosphate (pH 7.4) (C), or 100 mM sucrose (D). Means and standard deviation were calculated from at least four independent p-Gal assays after 2 days of growth.
the bacteria (Fig. 2) . Binding in the presence of 10 mM unlabeled SO4 or 1 mM unlabeled 4-chlorobenzoic acid at concentrations sufficient to induce modulation was also tested. We still did not detect binding, even though the bacteria were modulated as determined by loss of p-Gal expression (data not shown). We did not detect binding when the bacteria were incubated at 4°C, when the bacteria were grown in Verwey broth, or when the bacteria were suspended in PBS (data not shown). We also examined binding by B. pertussis 165, which we found to be more sensitive to modulators than BPM3171, a derivative of Tohama. We found no evidence for binding of 35SO4 or [4-14C] chlorobenzoic acid to strain 165 grown in SS broth.
A more sensitive assay for binding was also examined by using BP338 (Bvg+) and BP347 (Bvg-); the bacteria were sequestered in separate dialysis tubing in SS broth, and [4-'4C]chlorobenzoic acid was added to the SS broth outside A the dialysis tubing. Samples were removed after 1 h, and the distribution of the [4-'4C]chlorobenzoic acid was determined by counting the samples in a scintillation counter. The distribution of the label was equal between the SS broth, BP338, and BP347, supporting the hypothesis that diffusion had occurred rather than preferential binding, which would lead to concentrating the label against the gradient by the Bvg+ strain BP338.
Chlorine ions inhibit modulation. Additional support for the ionic group being the necessary component for modulation comes from a series of experiments designed to determine whether the presence of other ions inhibits the modulation response. In these experiments, modulation is defined as conditions in which the a-Gal activity in a Bvg+ strain is reduced to the levels seen in an isogeneic Bvg-mutant. The dose of MgSO4 required to induce modulation appears to be influenced by the concentration of salt present in the medium. The minimal dose required for modulation by MgSO4 increases from 15 mM in the absence of sodium chloride (Fig. 3A) to between 25 and 50 mM in the presence of 100 mM sodium chloride for fusion BPM3171 (Fig. 3B) , suggesting that competition is occurring. Figures 3A and B also show the transcriptional activity in the isogeneic Bvgfusion, BPM3172.
The sodium chloride inhibition appeared to be mediated by Bvg and not allele specific, since the modulation response of four other TnS lac fusions (fhaA, fhaB, cya, and dnt) was similarly affected (data not shown). The chlorine ions appear to be responsible for inhibiting the modulation, since growth in 100 mM NaCl, KCI, and MgCl2, inhibited the modulation response but growth in 100 to 200 mM NaPO4 (pH 7.4), sugars (sucrose and glucose), or the amino acid glycine did not inhibit modulation (Fig. 4) . CaCl2 (100 mM) caused a precipitate to form in the SSA, and the bacteria did not grow on these plates. A high concentration (100 mM) of sodium, potassium, ammonium, or calcium acetate did not support growth either. Salts containing chlorine ions also caused inhibition of modulation by 100 ,ug of 6-chloronicotinic acid per ml (data not shown (1, 17, 27) . Although little is known about the biochemical basis of modulation via the bvg locus, the genetic data of Stibitz and Yang suggest that BvgS must be a dimer to function (26) and that modulators could act by affecting the ability of monomers of BvgS to dimerize.
We suggest a working model for the molecular basis of modulation based on these observations. The BvgS molecule, which is thought to be the sensor for modulation, is a transmembrane protein containing an N-terminal periplasmic domain separated from the putative kinase domain by a short hydrophobic membrane-spanning region. Under permissive environmental conditions, each member of the dimer will phosphorylate its partner, exposing the domain that phosphorylates the BvgA protein (Fig. 1A) 
